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Introduction

l~ard errors from single-ion interactions in static CMOS memories were first reported in
1991 ,[1 ] and have been the subject of several additional investigations.[2,3] Oldham has
developed a model for hard errors which k consistent with the ]ocalizecl dose deposited by
an ion that strikes the gate region. [3] }Iis model gives reasonable agreement with the
statistics of hard errors, assuming that two or more ions must strike the sensitive region
during the course of an experiment. Ile also noted that this type of hard error was only
observed in 4-T cell structures, which have extremely large polysilicon  load resistors, and
su.ggestcd  that the mechanism would be less important for future scaled designs, because of
the trend toward active thin-film loaci  transistors in future designs.

This paper reports on hard errors induced by single ions in dynamic memories. For
ions with atomic number below 80, hard errors in DRAMs appear to bc similar to the hard
errors reported in previous work on SRAMS. Onc feature of these hard errors is that they
tend to rccovcr  gradually  with time, because  of annealing, and arc thus partially
recoverable. However, for gold ions, a second type of hard error was discovered which is
not recoverable, and appears to be due to catastrophic internal shorling  rather than small
changes in leakage current. ‘1’bus, ncmrecovcablc  errors will likely occur even in devices
which eliminate the cxtrcmc sensitivity 10 leakage current that is inherent in 4-T SRAMS
and DRAMs. It is important to understand the mechanism that is responsible for
nonrecoverable errors, and invcs(igatc  the effect of dcvicc sc:iling.

Experimentcrl  Procedure

Several different memories were sclcctcd  for this stu(iy, but data in the summary will
concentrate on one device, a 4 Mbit lIRAM from OK] Semiconductor. These devices were
fabricated in 1992, and had a feature size of 0.8 pm with an oxide thickness of 15 nm.
]ntcrnal operating voltage is 5 V. “J’hc manLlfactllrer  has since modified the process; current
devices have a feature size of 0.6 pm with an oxide thickness of 12 nm. Test results for
the new process will bc provided in the complete paper.

A number of tests were done at the Brookhaven  National Laboratory Llsing heavy ions
wit h ranges of 40 pm or mow. ~’he ion with the highest atomic number was gold. Tests
were done at normal incidence, as well as with angles  up to 60 degrees. Because hard
errors arc permanent, separate test devices were required for each ion species and angle.
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1 lard errors were determined in two ways. one obvious way is simply to measure the
number of failed bits, using the minimum refresh time spccificct  by the manufacturer.
}Iowevcr, jt is also possible to directly measure the data retention time, which allows
quantitative evaluation of leakage currents of all storage cells within the memory. ‘l’his is a
powerful diagnostic tcchniquc  for hard errors in DRAMs because it proviclcs a statistical
distrjbutjon  of total dose damage in the entire memory array, and is thus a good jndicator  of
the amount of localized damage induced by ions in individual cells.

Recoverable and Nonrecoverable Error Results

A summary of experimental results for the OKT 4 Mbit DRAM is shown jn Ijigurc 1.
This figure  shows the distribution of data retention time for three dcvjces  that were exposed
under different conditions: (1) gold at normal incidcncc  (1 XT == 82 MeV-n@cn~2); (2)
gold ata600 angle (I XT = 164 McV-n~g/cn12);  and (3) iodine at a600 angle (1.1’3’ = 120
MeV-nlg/cn12).  When the device was irradiated with iodine at high angle, there is a smooth
distribution of refresh times, consistent wjth ions striking varjous  regions at and near the
gate. However, mLICh different results were obtained for the two irradiations with gold
ions. A significant number of errors occur with extremely short refresh times (these bits
have actually failed catastrophically). This c]istribution is supmil”nposed  on a gradual
distribution of refresh times that is similar to the iodine results. “l’he distribution in the
Figure corresponds to approximately 2 x 104 bits in the n]cnloIy  array.

Note that even though the 1.ET of the iodine ions is well above the 1.111’ of gold at
normal inciclencc,  no nonrecoverable errors were ever observed with iodine. Furthermore,
approximately the same number of nonrecoverable errors occurred for gold at normal and
high angle inciclcnce, which have very  different cffcc[ivc  J J H’. ‘1’kse results show that the
nonrccovcrab]e  errors do not appear to scale with angle, which is generally assumed for
most single-particle testing (single-c.vent burnout is an important cxccption).  This has
jmportancc  consequences for radiation testing as well as for calculation of the expected
number of nonrccovcrablc  errors jn a real space environment.

‘]’hc nonrecoverable errors arc also not adctitjve;  i.e., damage from several interactions
at or near the gate does not appear to cause this type of error, because no nonrecoverable
cJrors were ever observed for ions with X below gold, even when they were exposed to
relatively large ion flucnccs.

Retention time tests were done on dcviccs  at long time pcriocls  - up to several months -
after the heavy-ion testing was completccl.  Over long time periods, the percentage c)f
“weak” bits, i.e., hard errors induced by ions with lower atomic number that have a
smooth distribution of data retention time, gradually dccrcascd. l’bus, these hard errors arc
partially rccoverablc,  even at room tcmpcraturc. OJI the other hand, no rccovcry  was
observed for any of the harcl errors with catastro~)hic failure (hat were inducecl  by gold.

Additional evaluation of the two types of hard errors was done in the laboratory, using
an Advantcst  test system that allowed more complctc  mcasurcmcnts  to bc made. ‘1’hcsc
tests showed that the “weak” bits were caused by incrcasc(i  lcmkagc bctwccn  the Vclcl/2
refcrcncc line, internal to the memory, and the individual pass transistors. ‘1’his is



., ‘

esscnt ial 1 y the same mechanism reportccl  by Oldham for SRAMS, although the details arc
cliffcrent in the DRAM implementation. ‘l’he nonrecoverable errors appear to be caused by
an internal short circuit between the pass transistor and Vdd. l’bus, the internal mechanisms
associated with the two types of hard errors at-e clearly different. F:urther  details will be
providccl in the complete paper.

Effects of (lamnm  Irradiation on Data Retention Time

In order to relate the data retention time observed from accelerator testing to
conventional total dose daJllage, some devices were tested in a cobalt-60 source, measuring
the retention time distribution after a series of successive irradiations. These results are
shown in I;igurc 2. Note that unlike the heavy ion results, a very steep distribution is
observed for retention time after total dose irradiation. This is expected, bccausc  daJnage
from individual gamma interactions is far below the clamage threshold for these devices.
From this figure, it is apparent that the. rcteJltioJ~  time technique caJ~ detect total dose effects
in indvidual  bits at levels of oJIly a few thousaJld rad(Si).  ~:urthcrmore,  it changes
gradually with increasing levels of total dose, as expected with the assuJ@ion  that the
retenlioJl  tiJnc increase is due to subthresbolci  leakage changes iJ~ the pass transistors.

I)iscussion

~lcarly the cxisteJlce of nonrecoverable errors is extremc]y inq>orlaJlt  in system
applications. The preccdiJlg  discussion shows that nonrecoverable bard errors behave quite
differently thaJl the recoverable hard errors reportccl  in SRAMS,  and suggests that the
mechanism t}]at is responsible is quite different from the microdose  mechaJlisnl  that appears
to bc the cause of recoverable errors. Some characteristics of nonrecoverable errors such
as the apparent failure of the cosine law arc similar to charactc.ristics  exhibited by gate
rupture in power devices.[4]

Additional tests are phiJlncd on these dcviccs  that should proviclc  further insight into the
JncchanisJn,  aloJlg with Cffccts  of SCaling. ‘1’hcsc include tests of the scaled OK] device,
which has a thiJmcr gate oxide, tests at elcvatccl  tcJnpcrature,  and tests with different
intcrnai gate voltage (i.e., forci Jlg the iJltm’nal  V&l/2 line to a different value), as WCII as dat:i
on adciitional  part types from different ]l~zir~tlf:~c.tLrrcrs.

q’hc qucstioJl of scaiing is vital for this mechanism, because the rcdlJction in power
supply voltage that is p]aJmcd for future dcviccs  will result in rcclucccl  oxide thickness. If
nonrecoverable error rtites increase with this t ypc of sealing, then this Jnechanism may bc a
doJllinant  factor in applying future V1 S] clcviccs  in space,  systems.
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Figure 1. Percentage of I~RAM  bits with data retention time less than the value on the
abscissa. A single mechanism dominates the iodine data, while two
mechanisms are responsible for the behavior of DRAMs that were irradiated
with gold.
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Figure 2. C,hange  in retention time for DRAMs  irradiated with cobalt-60 gamma rays.
Note the sharp threshold, corresponding to nearly uniform damage in all bit

I locations, conlparcd  to the data for iondinc in Figure 1.
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